Introduction
BMI is one of the most heavily studied measures of obesity (MIM #601665). The scientific literature on the genetics of obesity is extensive and has been superbly reviewed by Rankinen et al. (2002) , in the latest of a series of reviews on the genetics of obesity. They report that the total number of genes, markers, or chromosomal regions that have been associated or linked with obesity in humans now exceeds 250. In particular, there are 33 QTLs in humans, with varying levels of support, based on published genome scans. Since that review went to press, six genome scans of BMI have been reported; four found significant linkage and one found suggestive linkage. Hunt et al. (2001) found significant linkage of BMI to chromosome 20, in a large set of Utah families ascertained for obesity. Feitosa et al. (2002) , in a large population-based sample of families, found strong evidence for linkage of BMI to chromosomes 7q32.3 and 13q14. Wu et al. (2002) found significant linkage to chromosome 3q27, in a large sample of hypertensive families. Zhu et al. (2002) found suggestive linkage for BMI on chromosome 5p15. All five of these regions on chromosomes 3, 5, 7, 13, and 20 have been previously reported and are reviewed by Rankinen et al. (2002) . Deng et al. (2002) found significant linkage to chromosome 2q14 in a sample of relative pairs selected for low bone mineral density. Of these five recent studies, this result is the only new linkage region for BMI. The sixth recent genomewide scan was a search in the Pima Indians for evidence of imprinting (Lindsay et al. 2001) , for which little evidence was found.
Two methodological issues, which are rarely addressed, are those of robustness to measurement error and genetic change over time. All quantitative traits will have some error that is due to the imperfection of the measurement procedure and that contributes to phenotypic variation. A direct test of the contribution of measurement error is to take multiple independent measurements on the same group of individuals and repeat the genetic analysis on each of the multiple measures. Furthermore, the relative contribution of a gene to a specific trait could change over the lifetime of an individual-that is, the genetic effect could be age-specific. A direct test of the genetic change with age is to take multiple independent measurements on the same group of individuals as they age and to repeat the genetic analysis on each of the multiple measures. Unfortunately, most genetic studies are cross-sectional and do not have multiple measurements across time. Thus, the effects of 1971 -1975 . Between 1971 , most participants from these families were measured at least six times. BMI might be an informative trait for a study of the change with age, since the basis of BMI (i.e., height and weight) can be measured with minimal error. However, measurement error still exists. If no common regions across time are observed or no obvious age-related patterns emerge, then it may be that the genetic effects are too small or the linkage methodology is sensitive to even the minimal measurement error inherent in BMI, or it may be that the genetic effects of age are highly complex. Another potentially confounding factor is the varying sample size, which is primarily due to death of the participants.
In the present study, we observed common linkage regions across time for two regions on chromosomes 6 and 11. The LOD scores in these two regions range from minimally significant to highly significant. It is unclear whether this variation in LOD scores is due to genetic change with age or to measurement error.
Subjects and Methods

Design
The FHS has been described in detail elsewhere (Cupples et al. 1988) . In brief, the FHS divides subjects into two recruitment groups. The first group is the original cohort of subjects, referred to as the "cohort" here. This cohort consisted of the adult members between the ages of 28 and 62 years in about two-thirds of the households in the town of Framingham, Massachusetts, in 1948. Since then, the cohort has been examined every two years, for a total of 26 exams. The second group primarily comprises the children of the original cohort and their spouses and is referred to as the "offspring" here. The offspring were first examined in 1971-1974. They were next examined in 1979-1982 and every four years thereafter up to 1998, for a total of six exams. In the mid-1990s, DNA was extracted and shipped to the Mammalian Genotyping Service (MGS). The MGS produced genotypes for 1,702 individuals in 330 families, for 401 polymorphic markers (marker set 8A; average heterozygosity 0.77) with an average intermarker spacing of 8.59 cM ( ). The genotypes were SD p 3.97 checked for Mendelian consistency by the PEDSYS program (Dyke 1996) .
At each exam, each subject undergoes an extensive data-gathering protocol. For the present study, we use only five variables: sex, age, height, weight, and smoking status. BMI was derived as weight (in kilograms) divided by the square of height (in meters).
We constructed six data sets corresponding to the six offspring exams. Each data set consisted of 330 pedigrees comprising 546 sibships ranging in size from 0 to 7. For each individual in each data set, sex, age, and BMI were selected as follows: in the first data set, the variables were taken from offspring exam 1 and cohort exam 10 (1966-1970) , depending on whether the individual was a member of the cohort or the offspring. Offspring exam 1 and cohort exam 10 come closest to overlapping in time (height was not measured in closer cohort exams) and are thus the natural choice to achieve a cross-sectional data set of these families. For data sets 2-6, we combined offspring 2 and cohort 16 (1979-1982) , offspring 3 and cohort 18 (1983-1987) , offspring 4 and cohort 20 (1987-1990) , offspring 5 and cohort 22 (1991-1994) , and offspring 6 and cohort 24 (1995-1998) , respectively. It should be emphasized that the data sets are numbered to indicate their temporal relationship; the individuals are youngest in data set 1 and oldest in data set 6. All subjects gave informed consent, and the institutional review board of the Boston University School of Medicine has approved all data-gathering protocols.
Statistical Analysis
Linkage analysis was performed using a variance-components approach (Amos 1994; Almasy and Blangero 1998) , as implemented in Genehunter (Kruglyak et al. 1996; Pratt et al. 2000) . This approach uses the genotype information at a locus to decompose the phenotypic variance into a component attributable to the locus (known as a QTL), a polygenic component, and an environmental component. The genotype information at a locus is characterized by the probability that two related individuals share zero, one, or two alleles identical by descent (IBD). Time to compute IBD probabilities grows exponentially with pedigree size in Genehunter, and nine of the largest families required a prohibitively large amount of time. Therefore, we split these pedigrees into smaller pedigrees. This small loss of genetic information should be conservative with respect to linkage results. Genehunter will compute sex-specific means and can simultaneously incorporate the effects of covariates. For all analyses presented here, we computed sex-specific means and included the effects of age and age squared in the model. We also performed a secondary analysis in which smoking status was included as a covariate. All variance components are estimated by maximum likelihood. Linkage is tested by a likelihood ratio test in which a null hypothesis of the QTL variance component being equal to zero is compared with it being greater than zero. The resulting x 2 statistic was converted to a traditional LOD score by dividing by . It is pos-2 ln (10) sible to obtain estimates of the proportion of the total phenotypic variation due to the QTL; however, two recent papers (Goring et al. 2001; Allison et al. 2002) have shown that the estimate of this effect is strongly correlated with the LOD score estimate and thus estimates the true effect poorly. Therefore, we will not present effect estimates here. Heritability estimates for all six of the BMI measures were obtained by variance components as implemented in SOLAR . The FHS is population-based and is not selected for any particular trait; therefore, no ascertainment correction is necessary.
Results
Table 1 displays the descriptive statistics for the variables used here in each of the six data sets. The number of individuals decreases over time, because some individuals die and others drop out of the study. The unusually large gap in average age between data sets 1 and 2 is due to the large time gap between offspring exam 1 (1971) (1972) (1973) (1974) (1975) and offspring exam 2 (1979-1982) . The time between the other exams is approximately four years in all cases. The average difference in ages is !4 years, since the oldest subjects are leaving the study because of death. This is reflected in the decreasing SD with age. It is well known that BMI increases with age, and this is confirmed again in the present study. The heritability of BMI increases with age, and all heritability estimates are significant at . The observed P ! .0001
Figure 1
Genome scans of BMI for all six data sets on chromosome 6. The symbols that distinguish each data set are placed at the location (in cM) where the LOD scores were actually computed. skewness and kurtosis are not excessive (Allison et al. 1999) ; therefore, we did not transform the data prior to linkage analysis.
All maximum LOD scores 11.0 are shown in table 2. The highest LOD score was 4.64, on chromosome 6q23-25 in data set 1. Data sets 2, 3, 4, and 6 supported linkage in this region of chromosome 6, with maximum LOD scores of 2.29, 2.41, 1.40, and 3.08, respectively. Data set 5 had a LOD score of 0.99 in the same region. This region on chromosome 6 contains the markers D6S1009, GATA184A08, D6S2436, and D6S305. Figure 1 shows all LOD scores on chromosome 6 for all six data sets graphically. There is one other chromosomal region that shows substantial evidence across multiple exams. The highest LOD score on chromosome 11q14 was 3.27, in data set 2. Data sets 3, 5, and 6 supported linkage in this region of chromosome 11, with LOD scores of 1.30, 1.30, and 2.29, respectively. Data sets 1 and 4 had LOD scores of 0.61 and 0.68 in the same region. This region of chromosome 11 contains the markers D11S1998, D11S4464, and D11S912. Figure 2 shows all LOD scores on chromosome 11 for all six data sets graphically. Chromosome 8p21-22 is the only other region in which at least two data sets had a LOD score 12.0 in the same region. The region containing D8S1106, D8S1145, and D8S136 on chromosome 8 had LOD scores of 0.80, 2.78, 2.29, and 1.01, for data sets 1-4, respectively. Data sets 5 and 6 did not have a LOD score 10.59 (corresponding to ) in this region. Note that, in the linkage anal-P ! .05 yses, several measures had multiple peaks on the same chromosome. This is reflected in table 2 by multiple entries for the same measure on a chromosome. In a separate analysis, we repeated the genome scan and included cigarette smoking as a covariate. The LOD scores were unchanged.
There are no obvious genetic relationships with agethat is, there are no monotonically increasing or decreasing LOD scores across all six data sets. It is interesting to note, however, that figure 1 shows two distinct peaks on chromosome 6 for all data sets, the first around 144 cM and the second around 166 cM. The maximum LOD scores around the peak at 144 cM tend to decrease across all data sets. The maximum LOD scores around the peak at 166 cM tend to increase across all data sets. This pattern suggests the possibility of two loci with opposite age effects.
Discussion
We have found substantial evidence for linkage of BMI to two regions, on chromosomes 6q23-25 and 11q14. Both of these regions have been previously reported in
Figure 2
Genome scans of BMI for all six data sets on chromosome 11. The symbols that distinguish each data set are placed at the location (in cM) where the LOD scores were actually computed. the literature. For chromosome 6q23-25, Feitosa et al. (2002) found a LOD score of 1.6 in this same region in the NHLBI FHS. The review by Rankinen et al. (2002) suggests no candidate genes or other QTLs in this region. For chromosome 11q14, Hanson et al. (1998) found a LOD score of 3.6 in this region in the Pima Indians. The review by Rankinen et al. (2002) indicates a possible QTL in this region for the obesity-related traits percentage of body fat and energy expenditure.
We found some evidence for linkage of BMI to chromosome 8p21-22. This region also contains the lipoprotein lipase gene, which has been linked or associated with BMI or other obesity-related traits in multiple studies (see Rankinen et al. 2002) .
A major strength of the present study is the availability of multiple measurements on the same individuals across 28 years of the FHS. The regions with the highest LOD scores had supporting evidence for linkage across all data sets. For chromosome 6, all six data sets yielded a LOD score 10.59 ( ) within 15 cM P ! .05 of the highest LOD score, 4.64. Similarly, for chromosome 11, all six data sets yielded a LOD score 10.59 ( ) within 10 cM of the highest LOD score, 3.27 P ! .05 (see figs. 1 and 2) .
These data sets are not independent; each of the six data sets consists of observations on the same set of individuals in the FHS. Therefore, the common regions of linkage that we observe do not constitute replication. However, these results do indicate that these methods are somewhat robust with respect to the measurement error and temporal changes in BMI.
To examine the overall similarity between results, we computed all possible correlations between LOD scores. The correlations ranged from 0.11 to 0.61. As expected, the highest correlation was between those data sets that were closest in time (e.g., data sets 2 and 3), and the lowest correlations were between data sets that were far apart in time (e.g., data sets 1 and 6). That the highest correlation was only 0.61 supports the hypothesis of substantial measurement error in these observations.
There is substantial variation in the maximum LOD scores for the two regions of strong linkage. A natural hypothesis is that this variation is due to the aging of the FHS participants. However, there are no obvious age-related differences-for example, monotonically increasing or decreasing LOD scores across the data sets. There is some tendency for the major and minor LOD score peaks on chromosome 6 to vary inversely with each other across age (see fig. 1 ). The possibility of two loci on chromosome 6 is supported by the study by Duggirala et al. (2001) , who found these same two regions on chromosome 6 linked to fasting insulin levels, a trait related to obesity. Nonetheless, given the potentially large error in location estimates (Roberts et al. 1999) , the hypothesis of two loci affecting BMI on chromosome 6 should remain tentative.
The sensitivity of variance-components linkage analysis to violations of the assumption of normally distributed data is well known (Allison et al. 1999 ). This sensitivity can cause an error rate in excess of the nominal (usually 0.05) error rate. Allison et al. (1999) show that this sensitivity can be caused by high rates of skewness and kurtosis, small sample sizes, and large residual familial correlations. In the present study, the skewness and kurtosis, reported in table 1, are not excessive. We note that our highest LOD score occurred in the first data set, which had the smallest skewness and kurtosis. Furthermore, our data sets are all relatively large by genome-scan standards, and the residual heritability, after accounting for the effect of the QTL, is typically small ( ). In addition, both of our major linkage 2 h ! 0.20 regions have been reported previously. Thus, there is little evidence that our results might be spurious because of violations of normality assumptions.
The present study and the recent studies by Hunt et al. (2001 ), Feitosa et al. (2002 , Wu et al. (2002) , and Zhu et al. (2002) all report linkage of BMI to chromosomal regions that have already been reported in the literature. Of the recent studies, only the study by Deng et al. (2002) reported a new region. If future genome scans of BMI also reveal substantial overlap, then it may be that the majority of QTLs affecting BMI have been, however crudely, detected and localized.
